has the potential for use as a high safety, high energy-density cathode material for lithium-ion batteries but suffers from bad electrochemical performance. Herein, we demonstrate a profound study on the effects of carbon coating and Al-doping on the electrochemistry of Li 2 CoSiO 4 synthesized by a two-step method. The synthesized 4 at% Al-doped Li 2 CoSiO 4 /C allows two lithium removals between 2.5 and 4.6 V, showing a first charge and discharge capacity of 331 and 140 mA h g
Introduction
The safety of the cathode is a primary concern for the massive application of high energy-density lithium-ion batteries to electric vehicles and smart grids. Most advanced cathode materials, such as layered LiCoO 2 oxide, solid solution LiNi xMn y Co z O 2 (NMC) oxides and Li 2 MnO 3 -based lithium-rich composites, need to be charged to voltages above 4.4 V in order to obtain a high capacity. Unfortunately, all of these simple metal oxides are unsafe in the deep charged states. A recent work showed that all the compositions in the family of NMC released the lattice oxygen at elevated voltages.
1 This oxidizes the electrolyte and is the onset of gas generation, which is one of the critical issues limiting the safety performance and lifetime of lithium-ion batteries. The physical root of lattice oxygen release in simple metal oxides is attributable to the weak oxygen bonding with their ionic framework.
The polyoxyanion olivine LiFePO 4 is a successful cathode with high safety, which is largely due to its covalent P-O bonding in the tetrahedral PO 4 building blocks. Calculations have shown that the P-O bonding is ve times stronger than O-O bonding in LiFePO 4 .
2 This should be the key factor in tempering the oxygen bond breaking from the framework, contributing to the high safety of LiFePO 4 in the deep charged state. The success of olivine LiMnPO 4 , operating at 4.1 V (vs. Li + / Li), conrms that the covalent P-O bonding is the mechanism for high safety, regardless of the operation voltage for the olivine family. These rationales make silicates, Li 2 TSiO 4 , (T ¼ Fe, Mn, Co), especially Li 2 CoSiO 4 , very attractive as highly safe and high-capacity cathode materials. Firstly, the Si-O bond in SiO 4 is similar to the P-O bond in PO 4 ; both form strong covalent bonds in tetrahedral building blocks. The average Si-O bond length is 1.63Å, slightly longer than that of the P-O bond, indicating the strong binding of oxygen in the tetrahedral SiO 4 unit. Secondly, the chemical formulas of silicates indicate two lithium extractions, almost doubling the theoretical capacity of the olivine family to above 300 mA h g À1 (e.g., Li 2 CoSiO 4 :
325 mA h g À1 ). Interestingly, our calculations showed that the average Si-O bond length shrinks slightly from 1.657Å to 1.648
Å when the rst lithium is extracted. 3 This indicates that strong oxygen bonding may be retained in the charged state of polymorphs. Indeed, the family of silicates has received signicant attention as an entirely new class of high-safety and highcapacity lithium intercalation compounds since they were described in 2005. 4 Another characteristic that has motivated us to study Li 2 CoSiO 4 is its 4 V redox potential, which is much higher compared to LiFePO 4 , Li 2 FeSiO 4 and Li 2 MnSiO 4 (all at around 3.0 V). [5] [6] [7] This makes Li 2 CoSiO 4 (LCSO) very unique, not only as a high safety and high energy-density cathode material but also highly compatible with the full operation window of the 4 V organic electrolytes. However, a clear demonstration of these promising electrochemical characteristics was absent for Li 2 CoSiO 4 in the literature.
1-5
Tetrahedrally coordinated cations (XO 4 ) (X ¼ Li, Co, Si) of Li 2 CoSiO 4 form many confusing insulating polymorphs.
11,13
Early studies indicated that the b II polymorph, without carbon coating, delivered the rst charge and discharge capacity at only 180 and 30 mA h g À1 , respectively.
11 Several works showed that the discharge capacity decayed quickly to negligible in just a few cycles. [8] [9] [10] [11] [12] However, their voltage platform was signicantly reduced in the second cycle and degraded to below 3.0 V from the third cycle; such voltage degradation due to inductive polymorph changes was oen observed in Fe and Mn silicates.
6-8 Several strategies for carbon coating, including multiwalled carbon nanotubes in 2017, 8 have been attempted for the improvement of the electrical properties but with marginal effects on the electrochemistry of Li 2 CoSiO 4 in literature.
9 Those disappointing results are sharply different from Li 2 FeSiO 4 and Li 2 MnSiO 4 , which have demonstrated two complete lithium removals and high reversibility for carbon coated nanostructured particles.
9,10
Recently, our group found that 10 at% P substituted Si in Li 2 CoSiO 4 /C demonstrates a rst charge and discharge capacity of 270 and 144 mA h g À1 , respectively, between 2.5-4.6 V. 18 It is very interesting that either P-doping or carbon coating cannot achieve improved electrochemistry on their own. Co metal impurities, reduced by the pyrolysis of sucrose, were found to interact in the initial charging process. The new progress has indicated a complicated interplay between carbon coatings and element-doping, which has not yet been studied. While it is well known that P and Al are two representative dopants, donor and acceptor, respectively, for modifying the electrical conductivity of semiconductors, there is no work or theory to predict their new effects in mediating polymorph synthesis, interplaying with carbon coating, and modifying the electrochemical performance of tetrahedral silicates. Al is also an interesting dopant used to improve the cyclability and thermal stability of the layered LiNi 0. 8 
Experimental section
2.1 Two-step synthesis of carbon-coated Li 2 CoSiO 4 nanoparticles Fig. 1 outlines the synthesis process. The rst step involves the synthesis of the pure b II polymorph by a hydrothermal reaction with and without Al-doping. Nanosized SiO 2 -Cabosil M5 (Cabot Co., USA) and LiOH$H 2 O (Aldrich, 98%) were mixed in 50 mL deionized water at the molar ratio of 1 : 4 and processed in an ultrasonic bath. CoCl 2 $6H 2 O (Aldrich, 99%) and Al 2 (SO 4 ) 3 (Aldrich, 99%) at the designed doping concentration (x) were added to 25 mL of ethylene glycol and stirred. The two solutions were then mixed with stirring and transferred to a 100 mL Teon-lined autoclave. The remaining volume was topped up with deionized water. The sealed autoclave was heated at 150 C for 72 h. The product was ltered and dried at 120 C for 12 h in the vacuum oven. This procedure produces only pure b II polymorph nanoparticles as reported in our recent work.
18
The second step is the pyrolysis of sucrose on b II polymorph nanoparticles. The samples of the as-prepared xAl-Li 2 CoSiO 4 from the rst step were mixed with sucrose in the molar ratio of 7 : 1 (the content of carbon was about 10 wt%). The mixture was ball milled for 12 h and calcined at 600 C for 1 h in the Ar atmosphere. In this work, the pristine sample, the carboncoated sample and Al-doped with carbon coated 
Characterization
Crystal structures of the prepared samples were evaluated by Xray diffraction (XRD, XRD-6100, Shimadzu) using Cu-Ka radiation (l ¼ 1.5418Å). Diffraction data were collected over the range of 2q between 10 and 80 . The morphology of materials was studied by scanning electron microscope (SEM, FEI, QUANTA 250 FEG) coupled with an energy dispersive X-ray detector (EDX). Carbon coating in all samples was characterized by Raman spectrometry (InVia-reex, Renishaw). The morphology of the coated carbon was observed with a FEI Tecnai G2 F20 transmission electron microscope (TEM). The contents of carbon and Co impurities were determined by thermogravimetric analysis (TGA, SDT Q600). All the measurements were conducted under the same conditions to obtain reproducible results. To better track the bulk phase evolution of the carbon-coated polymorphs a notation was introduced to describe the different polymorphs. The b II polymorph has oen been assigned to the space group Pmn2 1 in literature. However, Rietveld renement of XRD, neutron powder diffraction, and Li MAS NMR have pointed out the existence of cationic disorder between CoO 4 and LiO 4 in the b II polymorph, 13 which is inconsistent with the symmetric operations on their Wyckoff sites. Our modelling work has identied the key CoO 4 -LiO 4 tetrahedral connection in the b II polymorph, which is associated with an easily recognizable XRD pattern, a double peak (labelled as DP in this work) between 20 and 25 (for radiation source: Cu). 21 This characteristic can easily distinguish the b II polymorph from the b I polymorph (space group Pbn2 1 ); the latter shows a triple peak (labelled as TP in this work) in the same 2q region (c.f. Fig. 2 ). Therefore, this work uses DP and TP phases as interchangeable terms for b II and b I polymorphs, respectively. This helps to identify and track the characteristics of b II and b I polymorphs to show the effects of Al-doping on the cationic ordering in the particles.
Electrochemical measurement
The working electrodes were fabricated by mixing the active material, super P carbon and polyvinylidene uoride (PVDF) in an 80 : 10 : 10 (w/w/w) ratio, using N-methyl-pyrrolidone (NMP) 
Results and discussion

Electrochemical performance of Al-doping samples
Galvanostatic charge/discharge measurements were carried out over the potential window of 2. and the Co ion was reduced at a sintering temperature as low as 400 C. The polymorph mediating effect can be clearly observed in the systematic evolution of XRD characteristics with Aldoping content. With no Al doping, the C-LCSO presented mixed polymorphs of DP and TP, conrming the easy transition from DP to TP; the latter is only 2 meV lower in total energy.
14 Note that the third peak (011), which should be a high peak of the pure TP phase (i.e., b I polymorph), diminishes consistently with the increase in Al content. From the identication of DP and TP signatures, two kinds of particles evolved along with Al-doping contents. For low doping contents, x # 0.05, samples are a mixture of b II and b I polymorphs and have better reversibility than C-LCSO samples, shown in Fig. 2c . In this region, the reversible capacity peaks occurred at x ¼ 0.04 with 140 mA h g À1 , which is only slightly lower than our recent 10 at% P-doping with 144 mA h g À1 .
18
Calculations have indicated that P-doping will smooth the Peierls distortion in the delithiated phase of doped models, therefore promoting the electrochemical performance. 18 Here the 0.04 Al-doped sample shows a mixing phase of b II and b I polymorphs, which may have an interface between phases to release Peierls distortion, and can also achieve a similar performance to the purer b II polymorphs of the 10 at% P-doping sample. This nding may provide a new design strategy, analogous to Li 2 MnO 3 -LiNi x Mn y Co z O 2 composites, for lithium cobalt silicates. No signal was shown for x > 0.05 of the b I polymorph, indicating only purer b II polymorphs for high Al-doping contents. However, their performances, except 10 at% Al, deteriorated with the increase of Al-doping contents. It is a surprise that 10 at% Al has smaller discharge capacity at 124.5 mA h g À1 than both the 0.04 Al doping and 10 at% P-doping samples. This demonstrates that Al-doping affects not only the thermal stability of DP and TP phases in pyrolysis but also the reactivity of a cationic network of doped polymorphs. Our calculation has shown that there is a small difference in the edge states and gap opening between DP and TP phases during lithium extraction.
3
These states may have different reactivity with respect to Co reduction by coated carbon layers, especially in different doping schemes. Experimentally, there is a correlation between Co impurity and DP concentration of polymorphs. The larger the proportion of DP presented in Al-doped samples, the higher the intensity of the Co impurity signal shown in the XRD of Fig. 2b . The suppression of the Co-impurity coincides with the TP ordering in polymorphs. This agrees with the observation that the DP phase is much more inclined to be reduced than the TP phase.
2,4
Since Al is not a redox agent, its concentration is not directly convertible to reversible capacity, but is indirectly associated with increased reversibility through modifying the cationic network by releasing Peierls distortion, similar to P doping.
18 Thus, the non-linear performance-dopant dependence, especially two peaks at around 0.04 and 0.1 Al-doping, is attributed to the interplay of cationic ordering in doped phases and Co reduction by carbon coating.
As marked in Fig. 2b , there are two types of Co metal impurity corresponding to P6 3 /mmc and Fm-3m space groups, respectively. When there is less than 0.04 Al-doping, Fm-3m Co is the main impurity, but its content is relatively small. For Al content above 0.05, peaks of Fm-3m increase and P6 3 /mmc also becomes visible. Fig. 2d plots the evolution of Co impurity with respect to the Al-doping content in terms of a relative measurement between the integrated intensity ratios of Fm-3m Co to (211/021) reections of as-prepared samples. The amounts of Co impurity monotonically grow with respect to the Al-doping content, but there are approximately three different regions. When the doping content x > 0.12, the impurity ratio becomes greater than 1 and the reversible capacity becomes much lower than that of C-LCSO. This is a highly impaired region. On the other end, when the impurity ratio is under 0.5, Co impurity has an ignorable effect on the reversibility. Between 0.5 and 1, the Co impurity is the major factor to decrease the discharge capacity of Al-doped samples. This gives an estimation that Co impurity may account for at least a 20 mA h g À1 decrease in the reversible capacity.
To verify the reactivity of Co impurity in carbon-coated polymorphs, thermal gravimetric analyses (TG) were performed at a heating rate of 8 C min À1 in the temperature range from 30 C to 800 C under air atmosphere for the C-LCSO and xAl-LCSO/C samples. Co metal is oxidized into CoO or other oxides in the air when the temperature is above 300 C, which should result in a weight gain on the TG curve. As shown in Fig. 3 , the weight of C-LCSO steadily decreases with the increasing temperature and then undergoes a signicant loss between 300 C and 500 C, which agrees well with the pattern of "internal" carbon oxidation of Li 2 CoSiO 4 reported by Nazal et al. 2 No weight gain is observed for low Al-doping samples (x < 0.05). This conrms that the concentration of reduced Co metal impurity is negligibly small for oxidation in air. When the Al concentration is above 0.05, a weight gain aer 300 C is observed before a loss at around 400 C, and the proportion of weight gain grows with the increase in the Al content. This conrms the oxidation of Co metal impurity in the air and its positive correlation with the impurity ratios of the XRD signals.
We checked the impurity ratio of the 10 at%. P-doping in our previous work, 18 which was less than 0.5, falling in the ignorable region. This differs from the Al-doping, conrming the different effects of different dopants on bulk modication and their ensuing interplay with carbon coating. It is therefore important to control the Co impurity ratio under 0.5 for better electrochemistry.
Reversibility has been one of the fatal drawbacks of LCSO, resulting in very low discharge capacity, oen below $100 mA h g À1 , in previous works. By systematically varying the Al doping content in carbon-coated samples, we show that the initial discharge capacity can now be signicantly increased in both mixed and pure polymorphs. This may help to address a long-standing question of LCSO, which polymorph would be better for electrochemistry. Several polymorphs, i.e. b II , b I and g 0 polymorphs, have been tested in previous studies. 4 From this study, it was concluded that b I helps to suppress Co reduction in pyrolysis and b II shows better overall reversibility. The rst peak at 0.04 Al-doping contains contributions from both DP and TP phases, while the second one at 0.1 Al-doping has only decreased the contribution of DP due to Co impurity.
Electrochemical stability in cycling
Previous studies have shown voltage changes aer initial activation charging for Fe, Mn silicates 15, 17 and b II LCSO synthesized by a supercritical method. 10 Several studies showed that the discharge capacity of LCSO would quickly decay to negligible in cycling.
8,9 Fig. 4 compares the rst two charge-discharge cycles for C-LCSO, 0.04 and 0.10 Al-doped samples. Fig. 4a indicates that the rst two discharging curves of C-LCSO are highly repeatable in the same 4 V discharge platform, with almost no change. The cyclic performances of C-LCSO in Fig. 4b show that the reversible capacity is 60.5 mA h g À1 in the 10 th cycle, a signicant reversible capacity aer 10 cycles compared to previous reports. [1] [2] [3] 5 The two Al-doped samples also show the same cyclic characteristics and retain higher cycling capacity. This is clear evidence of the high stability of these polymorphs in electrochemical cycling. No voltage degradation is observed in all the 10 full cycles. Additional graphical comparison of the charge and discharge curves for the rst ve cycles of LCSO, C-LCSO, and 0.1 Al-LCSO/C is shown in Fig. S1 of the ESI. † These measurements reveal that the nature of voltage degradation is due to voltage polarization, which will be analyzed by EIS in the next section. Al doping does not change the voltage platform or degrading rate but retains more discharge capacities over cycles. We analyzed the XRD spectra of LCSO aer the rst cycle (showed in Fig. S2 of ESI †). No irreversible phase change was identied. Such stability in electrochemical cycling is absent in Fe/Mn silicates. 15, 16 This conrms the unique electrochemical stability of the delithiated structure in the deep charged state, illustrating the attractive electrochemical characteristics of Li 2 CoSiO 4 as a high-energy cathode candidate, which has stable polymorphs at the 4 V platform, fully compatible with the 4 V voltage window of the state-of-the-art organic electrolytes for battery application.
Both 0.04 and 0.10 Al-LCSO/C have very high charge capacities of 330.6 mA h g À1 and 270.3 mA h g À1 , respectively. These values are signicantly higher than all the previous reports, c.f. Table 1 . The charging-discharging efficiencies in our work are also better than previous reports when comparing the same voltage window. Because the 0.04 Al-LCSO/C contains a lower ratio of Co impurity (inactive in oxidation), its charge capacity of 330.6 mA h g À1 , the highest one so far, is strong evidence that 17 and at least a signicant portion has been extracted out in this work. Of course, more studies are needed to identify and reduce those side reactions.
Electrochemical impedance spectroscopic study
To understand the improved electrochemistry, especially to identify the possible origin of the big irreversible capacity loss in the initial performance and the heavy capacity decay in cycling, electrochemical impedance spectroscopic studies were performed.
Nyquist plots of C-LCSO and xAl-LCSO/C composites are shown in Fig. 5 . The measurements were performed over an applied frequency range of 0.1 Hz to 10 5 Hz, by using the a.c.
amplitude of 10 mV. All plots show one skewed semicircle followed by an inclined straight line; the latter is conned to the low-frequency domain. The high-frequency region where the curve touches the real axis corresponds to the electrolyte and electrodes resistance (R e ). The high to medium frequency range is ascribed to a parallel combination of charge transfer resistance (R ct ) and electrical double layer capacitance (C dl ), and the straight line originates from the diffusion of charged species through the bulk of the electrode material. Fig. 5a compares the results of the C-LCSO and xAl-LCSO/C impedance spectra, which are consistent overall with their reversibility in the rst cycling performance shown in Fig. 2c . Fig. 5b compares the impedance spectra of C-LCSO with the undoped and uncoated LCSO. It is very clear that the surface coating has effectively reduced the material's charge transfer resistance (R ct ), thus improving the electrochemical reversibility. Furthermore, Fig. 5c shows that the 0.04 and 0.10 Al-LCSO/C samples exhibit signicantly smaller charge transfer resistances (R ct ) in comparison with LCSO, C-LCSO and other xAl-LCSO/C, conrming that appropriate Al and carbonaceous content collaboratively improve the kinetics of the lithium cobalt silicate materials. The physical cause, why 0.04 Al-doping has more discharge capacity than the 0.10 Al-doping, is also due to its better overall conductivity. Thus, the two capacity peaks at 0.04 and 0.10 Al-doping can be interpreted by the better effective modication of the surface and bulk electrical properties together.
A remaining drawback is the big irreversible capacity loss observable in Fig. 4a . The initial charge capacity of C-LCSO is 312 mA h g À1 , giving an efficiency of 35%, which is almost the same as those uncoated LCSO and is lower than 42% of 0.04 Al-LCSO/C and 46% of 0.10 Al-LCSO/C (c.f. Table 1 ). This indicates that the irreversible capacity loss is hardly separable into the surface or the bulk origin. The doping indeed improves the efficiency a little more. Considering the potential contribution of side reactions to the initial charge capacity, the actual delithiation and re-intercalation efficiency should be higher than the above 35%, 42% and 46%, values.
To address the physical origin of capacity loss or decay in cycling, we examined the impedance behavior of the 0.04 Aldoping sample in the initial charging process. Fig. 5d shows the comparison of the impedance spectra before and aer the initial charging of 0.04 Al samples. The R ct at the deep charged state ($4.6 V) increases almost 10 times, indicating a very bad electrical conductivity of the delithiated state at the end of the initial charging. In one aspect, this interprets the changes in voltage polarizations presented in Fig. 4a and S1 of ESI. † On the other hand, it is a very surprising and big increase, because most of the cathode materials show improved bulk electrical properties in delithiated states. We speculate that there have been some changes on the surfaces of the particles, for example, the formation and breaking of the solid-electrolyte interphase, which has oen been a failure mechanism for anode materials so far. 18, 19 The very low electrical conductivity signicantly reduces the re-intercalation of lithium and electrons in the discharging process. This could be the electrical cause accounting for the big irreversible capacity loss. While the exact mechanism needs further study for the charged state, it is clear that the performance of modied LCSO is still very sensitive to any change in electrical properties of either the bulk or the surface. Thus, it is worth examining the characteristics of the coated carbon layers for a better understanding.
Effects of carbon coating on electrochemistry
Because of the "internal" carbon oxidation, 9 carbon coating has been a long and difficult task for LCSO. Thin and uniform carbon layers with a high degree of graphitization and nanostructured particles with reduced diffusion distances inside the active material are the basic structure forms widely used to increase the electrical and ionic conductivities of insulting polyanionic cathodes such as LiFePO 4 . We have shown so far that Al-doping, carbon coating and their interplay are critical to the improvement of the electrochemistry of LCSO. Because of bad performance, there is not much detailed work on carbon coating LCSO. In this section, we examine the characteristics of coated carbon layers.
The EDX mapping of 0.02 Al-LCSO/C samples in Fig. 6c and d indicate that both the undoped and doped samples exhibit the same degree of particle aggregation and similar average particle sizes (30-50 nm), but the size distribution is quite wide. Thin and uniform carbon layers are also clearly presented on the surfaces of C-LCSO and 0.10 Al-LCSO/C particles shown in Fig. 6d . A conductive carbon layer on a nano-network of $50 nm-sized particles conrmed the improved electrochemical performance as shown in Fig. 5b .
The percentage of carbon present in all the as-prepared samples was conrmed to be $5.9 wt% by infrared spectroscopy. To verify the quality of the carbon layer, Raman spectroscopy was performed. Table 2 presents the calculated intensity ratios I D /I G of C-LCSO and xAl-LCSO/C. They were found to be in the range of 1.425-1.500, which is within the error range. The similar I D /I G ratio of all the xAl-LCSO/C samples implies that the amorphous degrees of the coated carbons are consistent in the two-step process. Moreover, the I D /I G ratio, less than 1.500, is even smaller than some Li 2 FeSiO 4 /C and Li 2 MnSiO 4 /C nanocomposites, 6, 8, 21 which are well-known for the remarkable improvement of electrical conductivity by carbon coating. We further examined the Raman spectra of 0.05 Al-LCSO/C on ve random points of the tested sample. It is clearly shown that the ve curves almost coincide with each other, reecting the uniform carbon layer on the silicate sample, which agrees with the TEM images. These Raman data perfectly validate the consistent surface modication of carbon coating in different samples and in different areas of the same sample.
It can be concluded that the carbon layers coating the Aldoped samples are almost the same and the doped Al is well distributed in all the samples with negligible effects on the morphologies of the particles as well as the oxidation states of Co element. This is the physical root for the improved electrochemistry reported in this work.
Our carbon coating improves the initial performance and cycling stability considerably, compared to previous works on LCSO (c.f. Table 1 ), but it is still far from satisfactory with respect to those improvements in carbon coating in advanced characterization of carbon coating in this work was performed before electrochemical testing. The condition of carbon coating may be changed in the cycling; such a change may also account for the heavy capacity decay in just 10 cycles. This possibility is evidenced by the 10 times increase of R ct and its effect on the initial capacity loss (c.f. Fig. 5d ). Even though the performances of the modied LCSO reported in this work are not comparable to the advanced cathode materials of NMC or LiFePO 4 , it is clear that LCSO has the potential to become a unique high-energy cathode material, which has all the requirements of high safety, high capacity and high voltage. The future improvements should continue to focus on the strategies to combine both bulk and surface modications in a better synthetic way. Limitations exist in our analysis and examination due to limited facilities used so far; analytical characterizations, especially in operando, should be the means toward comprehending the underlying working and degradation mechanisms in subsequent studies.
Conclusion
In summary, under the combined effects of carbon coating and Al-doping, this work presents the intrinsic electrochemical properties of Li 2 CoSiO 4 that likely allow two lithium removals at the 4 V redox potential in stable cycling, which is an attractive characteristic of a high energy cathode candidate for next generation lithium-ion batteries. From this study, carbon coating, the phase of polymorphs and Co impurity are three main factors that impact the electrochemical performance of Li 2 CoSiO 4 . A conductive carbon nano-network is a key factor to improve the electrochemical performance of Li 2 CoSiO 4 , which shows signicant effects on the electrochemistry as evidenced in the electrochemical impedance spectroscopy. The pristine carbon coated Li 2 CoSiO 4 exhibits a reversible capacity of 110.3 mA h g À1 above 2.5 V. Al-doping can enhance electrochemical performance by further improving ionic conductivity. The mixture of polymorphs, 0.04 Al-Li 2 CoSiO 4 /C, exhibits the best electrochemical performance and cycling stability, showing a rst charge and discharge capacity of 331 and 140 mA h g À1 , respectively. This may be related to a phase interface, releasing Peierls distortion in a similar way to element dopants. Furthermore, the irreversible capacity loss and heavy decay of cycled capacities have been attributed to the signicant change in the electrical conductivity, which may, in turn, be related to the change in the carbon coating layers or the formation of solid-electrolyte interphases.
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